P element transposase catalyzes the mobility of P element DNA transposons within the Drosophila genome. P element transposase exhibits several unique properties, including the requirement for a guanosine triphosphate cofactor and the generation of long staggered DNA breaks during transposition. To gain insights into these features, we determined the atomic structure of the Drosophila P element transposase strand transfer complex using cryo-EM. The structure of this post-transposition nucleoprotein complex reveals that the terminal single-stranded transposon DNA adopts unusual A-form and distorted B-form helical geometries that are stabilized by extensive protein-DNA interactions. Additionally, we infer that the bound guanosine triphosphate cofactor interacts with the terminal base of the transposon DNA, apparently to position the P element DNA for catalysis. Our structure provides the first view of the P element transposase superfamily, offers new insights into P element transposition and implies a transposition pathway fundamentally distinct from other cut-and-paste DNA transposases.
T ransposons are mobile genetic elements that move by a DNA rearrangement reaction using an element-encoded transposase and are ubiquitous among the genomes of all organisms. The Drosophila P element is one such well-characterized cut-and-paste DNA transposon that spread rapidly (within ~60 years) throughout wild populations of Drosophila melanogaster in the early to mid twentieth century 1 . In the late 1970s, mobilization of P elements within the Drosophila germline was identified as the causative agent of hybrid dysgenesis, a syndrome of aberrant genetic traits linked to mutation, chromosomal rearrangements and sterility 2 . After their initial discovery as mobile elements, P elements were engineered as a critically important tool for Drosophila molecular genetics and germline transformation 3 . P elements also served as a model system for understanding DNA repair mechanisms 4 , the role of PIWI-interacting small RNA pathways that drive transposon adaption and limit transposon mobility 5, 6 , and for identifying RNA binding proteins as regulators of tissue-specific alternative splicing 7, 8 .
It is now appreciated that the N-terminal site-specific DNAbinding domain of P element transposase (TNP), termed a Thanatosassociated protein or THAP domain, is a very common C 2 CH zinc-binding, DNA binding domain 9 . For example, in the human genome there are 12 THAP domain-containing genes. THAP9, in particular, displays extensive homology along the entire length of TNP and exhibits transposase activity upon Drosophila P elements 10 . However, the human THAP9 locus lacks the hallmarks of a mobile genetic element (that is, THAP9 is present as a single copy and lacks terminal inverted repeats (TIRs) and target site duplications (TSDs)) 11, 12 . The cellular function of THAP9 has yet to be identified. The 2.9 kbp full-length P element transposon possesses 31 base pair (bp) TIRs, internal THAP domain binding sites, internal 11 bp inverted repeats (IIRs) and an encoded transposase gene [13] [14] [15] [16] (Fig. 1a) . The 5′ and 3′ P element transposon ends differ in the spacing between the THAP domain DNA-binding sites and the TIRs. Previous studies indicate that transposition is initiated by binding of a transposase tetramer to one P element end, followed by pairing of the transposon ends into what is termed a synaptic or paired end complex (PEC). Assembly of this higher-order nucleoprotein complex requires a guanosine triphosphate (GTP) cofactor 17, 18 and is necessary for the subsequent DNA cleavage (excision) reaction in which the P element transposon is excised from flanking host DNA 19 . Like other transposable elements, 3′ cleavage occurs at the end of the P element DNA, but 5′ top strand cleavage occurs 17 bp within the P element 31 bp inverted repeats, generating atypically long 17-nucleotide 3′-single-stranded extensions at the transposon termini 19 . These staggered transposon ends are the substrate that transposase uses to integrate P element DNA into a target site.
The excised transposon-transposase nucleoprotein complex is termed the cleaved donor complex (CDC), which then locates, captures and integrates the transposon DNA into a target site elsewhere in the genome. Large-scale analysis of P element insertion sites revealed a preference for integration into a 14 bp palindromic target sequence motif (TSM) that contains the previously known 8 bp GC-rich target site, flanked by 3 bp AT-rich sequences 20 . Integration into the central portion of the TSM, followed by disassembly and host DNA repair, gives rise to the characteristic 8 bp direct TSD 13 .
Among the characterized DNA transposases, TNP is mechanistically distinct in the requirement of GTP 21 and the unusually long staggered cleavage of the transposon termini 19 . To understand the mechanisms underlying the unique features of the P element superfamily, we prepared and characterized protein-DNA transposition complexes and used cryo-EM to determine the structure of the TNP strand transfer complex (STC) at 3.6 Å resolution. Our structure reveals a dimeric arrangement of the transposase protein intimately engaged with the transposon and target DNAs, providing the first detailed view of the P element product DNA-protein complex. Surprisingly, we find that the 17 nt DNA extension at the transposon ends is not simply single-stranded but base pairs in an unusual A-form DNA arrangement. To our knowledge, this DNA arrangement has not been observed in other nucleoprotein structures. In addition, we observe direct interactions between the guanine in GTP and the terminal guanosine residue of the transposon DNA that probably acts to position the reactive transposon DNA end into the active site, providing a rationale for the requirement for GTP. Our structure also reveals severe bending of the target DNA (tDNA) at the sites of transposition. Finally, we suggest a mechanism for pairing the differently spaced 5′ and 3′ P element ends during synaptic complex formation. Together, these results illuminate the unique features of P element transposition and how complex the interactions between transposase or integrase enzymes and their DNA substrates can be.
Results
Reconstituted STC represents the active form of TNP. Highly active samples of Drosophila TNP were prepared from baculovirus-infected Sf9 cells (see Methods). To assemble the STC, we first prepared the CDC by incubating TNP with a minimal pre-cleaved 3′ P element donor DNA (dDNA) end in the absence of GTP and Mg 2+ (see Methods, Fig. 1b and Supplementary Fig. 1a ). The STC was then prepared by incubating the CDC overnight at 30 °C with GTP, Mg 2+ and an optimized tDNA derived from the Drosophila singed locus, a hotspot for P element transposition 20, 22, 23 (Fig. 1b and Supplementary Fig. 1b ). Fractionation by size exclusion chromatography (SEC) of either the CDC or STC sample produced higher-order species with distinct elution profiles ( Fig. 1c and Supplementary Fig. 1d ). Analysis of the DNA from deproteinized SEC fractions revealed that the CDC fraction contained dDNA, while the STC fraction contained a slower-mobility species, resulting from strand transfer of the dDNA into the tDNA generating the strand transfer product DNA (stDNA) (Fig. 1d ). The abundance of the slower-mobility stDNA species indicates that the CDC preparations are highly active for strand transfer.
To further improve STC sample homogeneity, we assembled TNP on a symmetric branched DNA substrate mimicking the product of a double-ended integration reaction, with the 3′ dDNA covalently attached to the target (Fig. 1b, stDNA and Supplementary Fig. 1c a strategy used for retroviral intasomes [24] [25] [26] [27] . Particles in negativestained electron micrographs of STC complexes assembled on stDNA were indistinguishable from authentically generated STC ( Supplementary Fig. 1e ). To assess the biological relevance of STC samples prepared this way, we exploited a property of transposases and retroviral integrases termed 'disintegration' [28] [29] [30] [31] [32] . In the presence of Mn 2+ , transposase will reverse the transesterification reactions of strand transfer, liberating the dDNA and rejoining the tDNA strands to give products that resemble an unintegrated dDNA and a duplex tDNA 33 . In the presence of transposase, disintegration of the stDNA to dDNA and tDNA was observed with Mn 2+ , but not with Mg 2+ (Fig. 1e ). Minor faster migrating bands were also observed ( Fig. 1e , asterisks), and may arise from an alternate reversal foldback pathway that has been observed for Mu transposase 30 and retroviral integrases 34 . Reversal of strand transfer in the presence of Mn 2+ demonstrates that, for the majority of complexes, the stDNA is properly positioned within the STC active site for catalytic nucleophilic attack, as would be expected in an authentic STC. We did attempt to generate asymmetric stDNA substrates with 5′ and 3′ P element ends, but this produced mixed 3′-3′, 3′-5′ and 5′-5′ samples, decreasing the homogeneity.
The STC structure is dimeric and reveals four domains in each monomer. Single particle cryo-EM data were collected on an Arctica microscope equipped with a K2 detector ( Supplementary Fig. 2a ). Computational processing and iterative refinement yielded a final reconstruction with fairly uniform local resolution, ranging between 3.5 and 4 Å ( Table 1 and Supplementary Fig. 2b-g ). Transposase can be divided into six structural domains ( Fig. 2a,b ), four of which could be modeled de novo. The N-terminal THAP DNA-binding domain and a majority of the following dimerization domain [35] [36] [37] [38] are not resolved in the reconstruction due to flexibility. Thus, our model begins with the N-terminal DNA-binding helix-turn-helix domain (HTH; dark cyan), followed by a split catalytic RNase H domain (RNase H; orange) that is interrupted by a GTP-binding insertion domain (GBD; blue), and a C-terminal domain (CTD; red) ( Fig. 2a-d and Supplementary Video 1). The linker between the RNase H domain and the C-terminal domain (residues 570-616) is not visible in the density map ( Fig. 2c , left, white asterisks), consistent with the high probability for disorder in this region 39 ( Supplementary  Fig. 3a ). However, the orientation of the sparse density at the beginning and end of this linker suggests that the depicted RNase H and C-terminal domains are connected to constitute a monomer ( Fig. 2c , left, white asterisks, and Supplementary Fig. 3b ,c). The last 17 residues of the C terminus are also not visible, again consistent with computational disorder predictions 39 ( Supplementary Fig. 3a ). Our structure reveals that the STC adopts a dimeric assembly arranged with two-fold symmetry around the stDNA ( Fig. 2c,d , Supplementary Fig. 3c and Supplementary Video 1). We note that 26 bp of the 40 bp tDNA and the first 23 bp out of 55 bp of each dDNA are not well resolved in the symmetrized reconstruction. Each monomer closely interacts with the pre-cleaved P element 31 bp TIR dDNAs. The two dDNAs adopt a 55° angle relative to each central duplex axis (Fig. 2c,d and Supplementary Video 1) and insert into the tDNA, separated by 8 bp (the characteristic TSD size). The tDNA is distorted and bent, as observed in other transposase and retroviral integrase structures 25, 27, [40] [41] [42] (Fig. 2c,d) .
The catalytic RNase H domain adopts a canonical RNase H-like fold, similar to that found in other DDE (Asp-Asp-Glu) transposases and related retroviral integrases 43 (Fig. 2d, left) . Notably, the α-helical GTP-binding domain is inserted into the RNase H fold, between the fifth β-strand and fourth α-helix. This location is amenable to insertions, as observed in several other transposases and transposase-like proteins ( Supplementary Fig. 4a,b ). We additionally identified densities that correspond to GTP and a coordinated magnesium ion in the GTP-binding domain ( Fig. 2e ).
Within the RNase H domain, we identified the three catalytic acidic residues, D230 located on β1, D303 after β4 and E531 on α4 ( Fig. 2f ), in agreement with previous computational predictions 44 . Indeed, alanine substitution of any one of these acidic residues eliminates TNP excision activity in vivo 45 , confirming their essential role for transposase catalytic activity ( Supplementary Fig. 4c,d) .
The RNase H domains are located near the donor-target DNA junctions, with the catalytic residues coordinating a Mg 2+ ion (Fig. 2f ). However, the scissile phosphate of the tDNA at the donor-target junction is rotated out of the active site ( Fig. 2g , cyan phosphate). Because this is a product complex, this rotation may have occured to prevent reversal of the integration reactions. A similar configuration of a donor-target DNA junction was observed with the prototype foamy virus retroviral integrase STC 42 .
The three additional domains of TNP, a previously unrecognized HTH domain, the GTP-binding domain and the C-terminal domain, all participate in protein-DNA interactions. The HTH domain directly contacts the dDNA (Fig. 3b ). The GTP-binding domain packs against the RNase H fold and extends a loop to contact the central region of the tDNA (see ' Altered tDNA structure stimulates transposition' section below). As with the GTP-binding domain we also observe protein-DNA contacts between the C-terminal domain and the stDNAs.
The dDNAs adopt an unusual, partially distorted structure with A-and B-form helices. An unusual feature of P element transposition is the staggered cleavage of the transferred and non-transferred strands at the P element ends, resulting in 17 nt 3′ single-stranded DNA (ssDNA) overhangs. We were able to place 12 of the 17 nt into our reconstruction. One unanticipated observation is the unusual configuration of the DNA at the P element ends. We observe that the 3′ region of the transferred strand base pairs with the 5′ portion of the non-transferred strand resulting in a short A-form DNA duplex ( Fig. 3a and Supplementary Fig. 5a,b ). The transferred strand is displaced from the non-transferred strand at nucleotide C −22 to accommodate the A-form duplex (Fig. 3a, schematic ). This displaced transferred strand 'loops out' and is stabilized by numerous contacts from the C-terminal and GBD, including aromatic base-stacking interactions from Y721, F722, F384, Y629 (Figs. 3c and 4) and Y519 ( Fig. 4) .
To investigate the importance of base pairing between distant regions in the dDNA, we performed in vitro strand transfer assays with mutated dDNA substrates ( Supplementary Fig. 5c ). Mismatches introduced into the transferred strand that disrupt base pairing at the A-form duplex region decreased or eliminated strand transfer activity at nearly all positions ( Supplementary  Fig. 5c, lanes 2, 3, 5-8 ). Compensatory mutations on the nontransferred strand that restored base pairing were able to rescue or partially rescue strand transfer activity ( Supplementary Fig. 5c , compare lanes 5-8 and 13-16, most prominently lanes 7, 8, 15 and 16). These results confirm the importance of base pairing between distant regions of the transferred and non-transferred strands for strand transfer activity. Additional protein-DNA contacts occur via the HTH domain, which engages the dDNA at the 31 bp TIRs through a loop in the minor groove and an α-helix inserted into the major groove ( Fig. 3b) . Numerous backbone and base contacts are made by R154, S188, R189, T190, T191, R194 and W195 (Figs. 3b and 4 ).
Of these, the positioning of R154, R189 and T190 leads us to infer that these side chains form base-specific hydrogen bonds with T 12 , G 6 or T 7 , and G −25 or G −26 , respectively (R154:T 12 ; R189:G 6 or T 7 ; T190:G -25 or G -26 ).
Overall, we observe extensive protein-DNA contacts of a single subunit with both of the P element dDNAs. The depicted protein subunit in Supplementary Fig. 6 (left) is catalytically engaged with a P element end (red) through the RNase H (orange) and GTPbinding domains (not depicted). However, a 90° rotated view shows that the same subunit contacts the other P element end (blue) through the HTH domain, a long loop in the RNase H domain, and the C-terminal domain ( Supplementary Fig. 6, right) . Overall, the observed architecture supports a trans-catalysis mechanism, in which transposase binds to and holds one P element end but catalyzes the strand transfer of the other end. This interlocking architecture probably acts as a checkpoint to ensure proper assembly of the nucleoprotein complex prior to catalysis of DNA integration.
The GTP cofactor interacts with the dDNA. TNP is unique in its requirement of a GTP cofactor for assembly of the PEC and the strand transfer reaction. We were able to identify densities that correspond to GTP and a coordinated magnesium ion ( Fig. 2e ). Comparison with similar resolution cryo-EM densities of other GTP-binding proteins supports our interpretation that the nucleotide density corresponds to GTP rather than GDP ( Supplementary  Fig. 7) . Interestingly, residues that mediate GTP or metal binding (D528, K385, V401, S409, F443, D444 and N447) are conserved within members of the P element superfamily 44 (Fig. 3a, inset) . We observe that GTP makes base-stacking interactions with the transferred strand (T -9 ) and is probably hydrogen bonding with G −1 (the terminal dDNA nucleotide) through the GTP C6 carbonyl group. The interaction with GTP appears to alter the trajectory of the dDNA strand and may act to position the attacking 3′OH in the active site, explaining why GTP is required for strand transfer.
To investigate the interactions with GTP in the STC, we performed strand transfer assays with radiolabeled dDNAs and different purine nucleoside triphosphate analogs (Fig. 3d) . Nucleotides that lacked a C6 carbonyl group did not support strand transfer activity (2-aminopurine, adenosine triphosphate (ATP), 2-amino-ATP, Fig. 3d, lanes 3, 5, 6 ). Conversely, inosine triphosphate (ITP) and to lesser extent xanthosine triphosphate (XTP), both of which carry the C6 carbonyl group, did support strand transfer activity, but not to the same level as GTP (Fig. 3d, lanes 2, 4, 7) . This is probably due to differences in the substituents at the purine C2 position.
Taken together, this experiment indicates that the purine C6 carbonyl group is critical for strand transfer activity, while the interaction between D528 and the C2 amino group probably facilitates nucleotide binding. These results and the structure support a model in which interactions with GTP act to position the dDNA for strand transfer and explain the specificity of GTP (GTP is the only nucleotide that can fully support the observed interactions at this stage of transposition).
Altered tDNA structure stimulates transposition. tDNA bending is a common feature among DDE transposases 40, 41 and the related retroviral integrases 25, 27, 42 . Consistent with these findings, we observe substantial distortion of the tDNA within the P element STC (Fig. 5a ). At each strand transfer site, the tDNA duplex exhibits a sharp ~55° bend away from the central axis (Fig. 5b) . This distortion is accommodated over the AT-rich flanking sequences, which display a widened minor groove (Fig. 5b, green and Supplementary  Fig. 8a ). The central 8 bp GC-rich TSD duplex remains approximately B-form ( Fig. 5, red) .
The tDNA binds along a basic channel formed by the RNase H and GBD of each monomer ( Supplementary Fig. 8b ). Numerous residues from both the RNase H domain (K310, R538 and H546) and the GBD (H350, R394, Q399 and K487) are positioned to contact the phosphate backbone, probably stabilizing the observed tDNA conformation ( Supplementary Fig. 8c ). A loop from the GBD extends into the major groove of the 8 bp GC-rich central duplex to make phosphate (R394 and Q399) and base (S395 to G 6 and K398 to G 1 ) contacts (Fig. 5c ). RNase H domain residues T306 and Y253 are positioned within the minor groove of the flanking AT-rich regions (Fig. 5d ). T306 contacts T 11 at the extremity of the TSM. Although Y253 is also positioned within the minor groove at the site of transposition, it does not appear to make direct base-specific contacts. This positioning may facilitate the observed widening of the minor groove or tDNA bending and thereby help position the scissile phosphate within the transposase active site. Finally, although the 17-residue C-terminal tail is not modeled, this region contains multiple basic residues and is ideally positioned to electrostatically interact with the tDNA (Supplementary Fig. 8d ).
Although P element transposition is not site-specific, integration preferentially occurs into TSM or TSM-like sequences. In our structure, base-specific interactions between TNP and the tDNA are sparse, suggesting that the preference for the TSM is not achieved through direct sequence readout alone. Recent studies indicate that DNA flexibility and deformability play a critical role in transposase or integrase target site selection 46, 47 .
To investigate the effects of tDNA flexibility on transposase activity, we performed in vitro strand transfer assays with nicked or mismatched tDNA substrates. G mismatches or nicks were included along the bottom strand to introduce deformability and flexibility into specific regions of the tDNA duplex (Fig. 5e ). Mismatches did not appreciably stimulate activity, but rather decreased activity in specific instances (Fig. 5e, lanes 4, 5 and 9 ). Mismatches at positions G 6 and T 11 coincide with observed TNP-tDNA base interactions, and probably decrease affinity for the target DNA by disrupting these contacts or altering crucial duplex geometries. Notably, nicks along the bottom strand central GC-rich region increased strand transfer into the top strand of the target DNA. The greatest stimulation was observed with a nick positioned at the site of strand transfer, between nucleotides 8 and 9 on the bottom strand (Fig. 5e,  lane 14) . This is the same region that accommodates the highest level of distortion within the tDNA duplex. Taken together, this supports a model in which the preference for the P element TSM is driven by a pattern of tDNA flexibility and is further enforced by the observed amino acid side chain-base interactions.
Unsymmetrized reconstruction suggests a mechanism for 5′ and 3′ P element end pairing. The 5′ and 3′ P element transposon ends differ in the spacing between the internal THAP domain DNA-binding site and the TIR (Fig. 6a ). Furthermore, the 5′ end cannot substitute for the 3′ end during the initial stages of synaptic complex assembly before DNA cleavage 14, 19 . These observations suggest that TNP engages differently with each P element end to ensure proper synaptic complex assembly. Our highest resolution reconstruction, in which two-fold symmetry was applied, did not resolve the N-terminal leucine zipper and THAP DNA-binding domains. However, an asymmetric, lower resolution reconstruction revealed additional density corresponding to the N-terminal leucine zipper ( Fig. 6b and Supplementary Fig. 2g ), while the THAP DNA-binding domain remains unresolved, probably due to flexibility. The additional 12 residues of the leucine zipper dimerization domain are oriented towards one of the 3′ P element dDNAs adjacent to the 10 bp TNP binding site. This asymmetry could accommodate and facilitate assembly of differently spaced 5′ and 3′ P element ends (Fig. 6c ), reminiscent of the flexible nonamer binding domain in the RAG1-RAG2-12-23 RSS complex, which enforces the 12-23 rule of V(D)J recombination 19, 48 .
We propose that TNP pairs the P element ends by a mechanism analogous to that previously described for RAG1-RAG2 of V(D)J recombinase [49] [50] [51] ; that is, when TNP engages with the 3′ P element end (9 bp spacer) there is an induced asymmetry, such that only the longer 5′ P element end (21 bp spacer) can span the distance between the THAP DNA-binding domain and the catalytic core. Conversely, when the transposase engages the longer 5′ P element end, the induced asymmetry will dictate that only the shorter 3′ P element end can fit between the THAP DNA-binding domain and the catalytic core. However, we note that the disorder at this region of the structure may be caused by the flexibility of the P element DNA ends, as well as by the use of two 3′ end dDNAs to assemble this complex.
Discussion
P elements are one of the best-studied eukaryotic DNA transposons and have revealed a wealth of insights into the mechanisms and regulation of DNA transposition, as well as fundamental cellular processes such as tissue-specific alternative splicing and DNA repair pathways. Among previously characterized DNA transposases, TNP is unique in at least two respects. First, GTP is required as a cofactor for the DNA pairing, cleavage and strand transfer stages of transposition. Second, the staggered cleavage of the transposon ends is atypical in length, resulting in a 17 nt 3′ single-stranded transposon DNA extension. Here, we provide the first three-dimensional view of the P element superfamily of eukaryotic DNA transposases, illuminating many mechanistic features. Our structure reveals a complex nucleoprotein architecture and allows the unambiguous identification of the domain organization of TNP, including a HTH domain, a catalytic RNase H domain, a GBD and a highly charged C-terminal domain. The GBD is inserted into the RNase H catalytic domain. The location of this insertion domain is similar to other insertion domains found in bacterial Tn5, housefly Hermes and the jawed vertebrate V(D)J RAG1 enzymes ( Supplementary Fig. 4a ). In fact, some of the insertion domains share structural similarity ( Supplementary Fig. 4b ).
TNP is unique in using GTP as a non-hydrolyzed cofactor for both the cleavage and integration steps of transposition. Our data reveal that the guanine base of GTP interacts with the terminal transposon base, altering its trajectory from the A-form duplex and potentially directing the 3′OH toward the RNase H active site. This suggests that GTP is used to position the terminal transposon G-3′OH for catalysis, linking the requirement of the GTP cofactor to direct interactions with the terminal base of the transposon DNA, thereby providing a rationale for the requirement of GTP during strand transfer.
Previous studies with full-length P element ends indicated that a transposase tetramer acts at the early stages of transposition in forming synaptic PECs and CDCs 17, 18 . However, we observed that the STC is dimeric. Assembly of the STC used minimal oligonucleotide dDNA substrates, rather than the two full-length ~150 bp P element ends. The longer P element ends include the 11 bp IIRs, which act as transpositional enhancers in vivo 14 . It is possible that a tetramer (or a dimer of dimers) initially assembles to pair the natural P element ends and activate the protein for dDNA cleavage. Once this complex excises the P element DNA and rearranges the terminal cleaved transposon ends, it is possible that loss of two catalytic subunits occurs to form the dimeric complex, as we have observed, which captures a tDNA and performs strand transfer. Contributions to DNA-binding by non-catalytic subunits has been observed in both the bacteriophage Mu transposome 40 and the retroviral integrase structures 25, 27 and is thought to occur in the octameric Hermes transposome 52 .
Overall, our structure suggests that, during the early stages of transposition, when the THAP domains engage with the internal 10 bp transposase binding sites, that TNP acts to pair the two different P element ends in a manner reminiscent of the 12-23 rule imposed by the RAG1-RAG2 V(D)J recombinase [49] [50] [51] . The atypically long staggered cleavage and the arrangement of the dDNAs observed within the STC implies that P element transposition is mechanistically and fundamentally distinct from other cutand-paste DNA transposases. That is, as transposition proceeds, large structural transitions and rearrangements must occur at the P element transposon ends to generate the distorted DNA conformations observed in the STC structure. Furthermore, GTP is required for pairing of the two P element ends prior to the DNA cleavage 17, 18 , indicating that GTP plays an additional role(s) at the early stages of transposition. Although the STC structure does not reveal the role of GTP in the initial stages of transposition or how it acts to 'gate' the proposed model for P element end pairing, collectively, these features further underscore the complexity inherent to this class of proteins. Future structural studies of early transposition intermediates should illuminate the mechanistic details involved in orchestrating these conformational changes to perform P element transposition.
Finally, only recently have the functional roles of the numerous repetitive-element derived sequences and genes within large eukaryotic genomes begun to be characterized 53 . For example, the human THAP9 gene encodes a functional TNP homolog that can mobilize Drosophila P element DNA in both Drosophila and human cells 3 . However, the natural DNA substrates and cellular functions of these TNP homologs are currently unknown. Our data provide a structural framework for understanding all future biochemical studies, not only of Drosophila TNP, but also of the related vertebrate TNP THAP9 homologs with as yet unidentified cellular functions.
online content
Any methods, additional references, Nature Research reporting summaries, source data, statements of code and data availability and associated accession codes are available at https://doi.org/10.1038/ s41594-019-0319-6.
